Induction of dc voltage, proportional to the persistent current, by external ac current 
on system of inhomogeneous superconducting loops 
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A dc voltage induced by an external ac current is observed in system of asymmetric mesoscopic 
superconducting loops. The value and sign of this dc voltage, like the one of the persistent current, 
depend in a periodical way on a magnetic field with period corresponded to the flux quantum 
within the loop. The amplitude of the oscillations does not depend on the frequency of the external 
ac current (in the investigated region 100 Hz - 1 MHz) and depends on its amplitude. The 
latter dependence is not monotonous. The observed phenomenon of rectification is interpreted as a 
consequence of a dynamic resistive state induced by superposition of the external current and the 
persistent current. It is shown that the dc voltage can be added in system of loops connected in 
series: the dc voltage oscillations with amplitude up to 10 pV were observed in single loop, up to 
40 pV in a system of 3 loops and up to 300 pV in a system of 20 loops. 



PACS numbers: 74.20.De, 73.23.Ra, 64.70.-p 

It is well known that the persistent current j p = 2en s v s 
is observed in superconductor [1] because of the quanti- 
zation of the momentum circulation 



dip - 



dl(mv + 2eA) 



in J> dlv 



2e$ = n2irh (1) 



Its value and sign are periodical function of the magnetic 
flux $ inside a superconducting loop with weak screening 
LI p = Lsj p < $o since the quantum value of the velocity 
circulation 



dlv s = (n - —) 

m <E>o 



(2) 



should satisfy the requirements of the energy minimum, 
i.e. the n — $/$o value changes between -1/2 and 1/2 
with $ = BS + Lip ~ BS variation [1]. Here B is the 
magnetic induction induced by an external magnet; S — 
irr 2 is the area of the loop. 

The persistent current can exist permanently only in 
the closed superconducting state, when the phase coher- 
ence is not broken along the whole of loop I and its resis- 
tance Ri = 0. But according to the Little-Parks (LP) ex- 
periment [2] and theory [3] the persistent current I p ^ 
is observed not only in superconducting state, i.e. at 
Ri = 0, but also at Ri > 0. It is also known that a 
potential difference V = (< p/s >i s — < p/s >i)l s I 
should be observed on a segment l s of an conventional 
loop with inhomogeneous resistivity p or section s if a 
current I = §, Edl / Ri is induced by the Faraday's voltage 
§,Edl = —(l/c)d$>/dt and the average resistance along 
the segment Ri s /l s —< p/s >i s — J, dlp/sl s differs from 
the one along the loop Ri/l =< p/s >i — §. dip/ si. 

Therefore voltage oscillations V(Q/$>o) = (Ris/L — 
Ri/l)l s I p ($/3>o) oc (n — $/$o) can be assumed at a seg- 
ment of an inhomogeneous loop. Here n is close, at 
<&/$() 7^ ti + 1/2, to an integer number n correspond- 
ing to minimum (n — "J/^o) 2 and (n — <3> / <3>o) = at 
$/$o = ii + 1/2. The persistent current I p = at 



<&/$() = n and ^/^o = n + 1/2 [1], has maximum values 
between $/&o — n and ^/^o = n + 1/2 and has mini- 
mum values between &/$o = n+ 1/2 and <i>/ <3>q = n + 1 
since the energy difference between adjacent permitted 
states is much higher than fc^T in any real superconduct- 
ing loop [4] when the &/$o value is not close to n + 1/2. 
At $/$o = n + 1/2 two permitted states (n-$/$ = 1/2 
and n — $/$o = — 1/2) with opposite velocity direction 
have the same minimum energy. 

The V($/$o) oscillations, like the persistent current 
oscillations / p (<I>/$o), were observed in our previous work 
[5] on asymmetric Al loop. We can observe these oscil- 
lations in a narrow temperature region 0.988 — 0.994T C , 
where T c corresponds with the midpoint of the super- 
conducting resistive transition. Its amplitude increases 
in this region with temperature lowering. Such temper- 
ature dependence is evidence of influence of an external 
electric noise. In the present work the influence of an 
external ac current I ac — A/sin(27r/t) (with different 
frequency / and amplitude AI) on the V(Q/§o) oscilla- 
tions is investigated at lower temperatures 0.95 — 0.98T C 
in order to clear up a question what noise can induce the 
dc voltage V($/$ ) in [5]. 

Systems of 3 and 20 (see Fig.l) asymmetric Al loops 
with the critical temperature T c « 1.3K, the sheet re- 
sistance R k 0.5 il/o at 4.2 K and the resistance ratio 
R(300K)/R(4:.2K) « 2 were used for investigations. We 
used system instead of single loop used in [5] in order 
to verify a possibility of summation of the dc voltage in 
the system of identical asymmetric loops connected in se- 
ries. All loops have the same diameter 2r = I/tt = 4 pm, 
Fig.l and thickness 40 nm. One half of each loop l n 
is narrow with the linewidth w n = 0.2 pm (the sec- 
tion s n = 0.008 pm 2 ) and the other half l w is wide 
W w = 0.4 pm (s w = 0.016 pm 2 ). These Al microstruc- 
tures are prepared using an electron lithograph developed 
on the basis of a JEOL-840A electron scanning micro- 
scop. An electron beam of the lithograph was controlled 
by a PC, equipped with a software package for prox- 
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imity effect correction "PROXY". The exposition was 
made at 25 kV and 30 pA. The resist was developed in 
M1BK: IPA =1:5, followed by the thermal deposition of 
a high-purity Al film 60 nm and lift-off in acetone. The 
substrates are Si wafers. 

The measurements are performed in a standard 
hclium-4 cryostat allowing us to vary the temperature 
down to 1.2 K. The applied perpendicular magnetic field 
B was produced by a superconducting coil. The exter- 
nal ac current I ac with the frequency from / = 100 Hz 
to / = 1 MHz and the amplitude up to AI = 50 fiA 
flows between current contacts I - I, Fig.l. The voltage 
was measured between different potential contacts VI- 
V8, Fig.l. The dc voltage variations down to 0.05 \jV 
could be detected. 




FIG. 1. Electron micrograph of the system of 20 asymmet- 
ric aluminum loops. I are the current contacts and VI, V2, 
V3, V4, V5, V6, V7, V8, are potential contacts. 

Our measurements showed that the external as current 
I ac with any frequency from / = 100 Hz to / = 1 MHz 
induces the dc voltage oscillations V($/$o) Fig. 2 when 
its amplitude AI exceeds a critical value AI cr which de- 
creases, like the superconducting critical current I c , with 
temperature and magnetic field increase. Because of the 
latter the oscillations are observed only at high $/$o val- 
ues when the I ac amplitude is relatively low, for example 
at AI = 3 fiA on Fig. 2. The oscillations V($/$o) fade 
at higher $/$o (like the LP oscillations, see for example 
[6]) because of the suppression of the superconductivity, 
i.e. I p , in the wire defining the loops be the magnetic 
field. 

The amplitude of the oscillations V(Q/$o) does not de- 
pend on the frequency of the external ac current (in the 
investigated region 100 Hz - 1 MHz) and depends on its 
amplitude AI. The latter dependence is not monotonous 
Fig.2. The amplitude |F| ma:c observed at $/$ ~ ±0.25 



mounts a maximum value at AI slightly higher AI cr and 
decreases further with the AI increase, Fig.2. The de- 
pendence \V\max{AI) is close to |V|ma£c oc 1/A7 at high 
AI values. The AI value corresponded to the maximum 
of |V^| max (A7) and AI cr decreases with drawing T near 
T c like the superconducting critical current. 

Our investigation has shown that the dc voltage can be 
easy summed up in the system of identical asymmetric 
loops connected in series. The V($/$o) oscillations with 
amplitude up to « 10 fiV were observe on single loop, up 
to « 40 fiV on system of 3 loops and up to » 300 fiV on 
system of 20 loops, Fig. 3. 

The effect observed in our work may be interpreted as 
a consequence of a transference of the loop with I p ^ 
to the resistive state by the external current I ac or as a 
rectification of the ac current I ac because of an asymme- 
try of the current-voltage curves, Fig. 4. This asymmetry 
takes place and its value and sign are periodical func- 
tion of the magnetic flux $ because of superposition of 
the external I ac current and the intrinsic persistent I p 
current. 




FIG. 2. Oscillations of the dc voltage induced on single 
loop by the ac current with the frequency / = 2.03kHz and 
amplitudes A7 = 3; 3.5; 4; 5; 7; 12.5; 25 fiA. T = 1.280 K 
is corresponding to 0.97T C . Except AI = 3.5 [iA, all other 
dependencies are displaced in the vertical direction. 

The distribution of the external current I ac = I w + /„ 
between loop halves l w and l n is determined in the closed 
superconducting state by the quantization of the velocity 
circulation (2): l n v^~l w v^ = l n j n /2en sn ~l w j w /2en sw = 
UJnl 's n 2en sn - l w I w /s w 2en sw = (2<7rft/m)(n - $/$ )- 
The current density j„ = j w = j ac = I ac /{s n + s w ) and 
the critical value j c is achieved simultaneously (at I ac — 
(s n + s w )j c ) in the both halves at n — ^/^o = 0, i.e. 
Ip = 0, since the length l n equals l w and the densities of 
superconducting pairs n sn and n sw are the same in the 
both halves. 

At n - $/$o 7^ the densities j n and j w are dif- 
ferent (for example j n = I ac /(s ) + Ip/s n and 
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) - Ip/s w , Fig.4, when the 7 QC di- 9 (J,As n / Sw(sn ~t~ ~ 1-5 /iA. At $ — 4.25$o (see the 



rection coincides with the I p one on the narrow half l n ) 
and the persistent current decreases the critical I ac value. 
These critical values in opposite directions |J oc | c + = 
(s n + s w){jc ~~ Ip/ s n ) and |7 ac | c _ = (s n + s w )(j c — I p / s w ) 
are different at I p ^ since s w > s n . 

Since |7 ac | c _ - |7 a c|c+ = ( s « + s w){jc - I p /s n ) - (s n + 

Sw)(jc Ip/ SwJ — (,&w / $n Sn/ &w)Ip ~ 1.5/p the 7p 

and (s n + s w )j c values can be evaluated from measured 
|7 ac |c- an d |7 QC |c+ values. For example it is followed 
from the values |7 ac | c+ ~ 0.45 \iA and |J oc | c _ ~ 1.0 fiA 
(see the current- voltage curve on Fig.4) measured at n — 
$/$o ¥= and T ps 0.99T C that I p ps (|7 ac | c _ - |7 ac | c+ ) ps 
0.37 ii A and (s„ + s w )j c ps 1.6 /zA. Note should be 
taken that the current-voltage curve Fig.4 at |7 ac | > (s n + 
s w)jc coincides with the one in the normal state and a^ 
peculiarity is observed at |7 oc | ps (s„ + s w )j c . 

500 



third oscillograph curve on Fig. 5) the steady voltage is 
observed in the opposite (relatively the $ = 0.75$o case) 
I ac direction and the unsteady voltage is observed in the 
other direction. The latter takes place because of the j c 
decrease down to |J oc |c- = («n + s w )(j c — Ip/s w ) ps 9 \iA 
in a high magnetic field. At A7 > |7 ac | c - the steady volt- 
age is observed in the both I ac directions (see the lower 
oscillograph curve on Fig. 5). 
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FIG. 3. Oscillations of dc voltage induced on the system of 
20 loops by ac current with / = 1.2kHz and A7 = 3.2 /j,A at 
T = 1.245 K = 0.97T C and on the system of 3 loops by I ac 
with / = 555kHz and AI = 4.5 /j,A at T = 1.264 K = 0.96T C . 
Second dependence is displaced on 370 jim in the vertical 
direction. 
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Since (s„ + s w )j c > \I ac \c- > \Iac\c+ the voltage 
(the resistive state) appears first at n — $/4>o an d 
|7 ac |c- > A/ > |/ a c|e+ in only direction of the exter- 
nal ac current I ac = A7sin(27r/i), see Fig. 5. The ab- 
sence of the voltage at AI = 9 fiA (corresponded to the 
maximum of the |V| max (A7) dependence) and $ = 
(see the upper oscillograph curve on Fig. 5) means that 
j c > 9 fiA/s w w 9 /iA/0.016 fim 2 ps 5.6 10 s A/to 2 
at T ps 0.96T C since the width of the wire between 
the loops and contacts equals s w < s w + s n , see Fig.l 
and Fig.4. At the same temperature and A7 value but 
$ = 0.75$o the voltage is observed in only direction of 
I ac = AI sm(2n ft), (see the second oscillograph curve on 
Fig.5). This means that |7 ac | c _ > A7 = 9 fiA > \I ac \c+ 
at T ps 0.96T C and $ = 0.75$ and consequently I p = 
Sn(jc — \Iac\c+/ (s )) > s n (j c -9 nA/(s )) > 



FIG. 4. The current-voltage curve measured on a system of 
2 loops at T pa 0.99T C , $ / n4> and $ / (n + 0.5)$ is shown 
in the above part. The change of the current distribution be- 
tween loop halves l w and l n because of the persistent current 
I p 7^ is indicated in the lower left side. The drawing in the 
lower right side elucidates why the |V|maa:(A/) dependence 
(see Fig. 2 and 6) is not monotonous. 

The external current |7 QC | < (s n +s w )j c can not destroy 
superconductivity in the both (l w and l n ) halves of the 
loop. Therefore the resistive state observed at |7 ac | c+ < 
|7 oc | < (s n + s w )j c (and at |7 ac | c _ < |7 ac | < (s„ + s w )j c , 
see Fig.4) can not be static. When the l n (for exam- 
ple) half transfers in the resistive state with R n > and 
V(t) = R n I n ^ at I n = 7 ac s„/(s„ + s w ) + I p > s n j c 
the I n value decreases (because of the I p reduction and 
the I w increase according to the law L w dl w /dt — V(tj) 
and the l n half should return at I n < s n j c to the super- 



conducting state with I„ 



i/(,8n ~t~ Sw) "f" Ip ^ ^njc- 



Thus, the superconducting state with both connectiv- 
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ity (i.e. with R n > and R n — 0) can not be stable 
and the loop should switch between they with an intrin- 
sic frequency u> at |J oc | c+ < \I ac \ < (s n + s w )j c (or at 

\Iac\c- < \Iac\ < (Sn + S w )j c ). 




FIG. 5. The oscillograph curves of the voltage measured 
on a system of 3 loops and of the ac current inducing it at: 
$ = 0, $ = 0.75$ , $ = 4.25$ (/ = 11-53 kHz, AI = 9 fiA, 
T « 0.96T C ) and $ = 7.25$ (/ = 1.53 kHz, AI = 5.8 fxA, 
T^0.97T C ). 

It should be noted that the half in which I ac and I p 
have opposite directions remains all time in supercon- 
ducting state in this dynamic resistive state although the 

average in time voltage Vdc = V(t) (measured, for exam- 
ple, on the current- voltage curve Fig. 4) is not equal zero. 
It is possible because of the switching between supercon- 
ducting state with different connectivity. The voltage 
would not be observed at |/ oc |c+ < \Iac\ < s wjc (for ex- 
ample on the second oscillograph curve of Fig. 5) if the 
l n half could remain constantly in the norman state with 
R n > when superconducting state in the loop is un- 



closed and I p = 0. 

The dc voltage Vdc ^ can be observed on the su- 
perconducting half (l w for example) since the velocity v s 
and the momentum p = mv s + 2eA of superconducting 
pairs should revert to the initial quantum values, after 
the acceleration dp/dt = 2eE(t) = 2eV(t)/l w = 2eR n In 
at Rn > 0, when the loop reverts to the closed supercon- 
ducting state. The same reason explains the observation 
of the persistent current at R > in the LP experiment 
[4] . Since the p change because of V(t) equals the average 
change Ap because of the quantization 

V dc = W) = = &pul w /2e (3) 

The Ap value is connected with the deviation of I w 
(and consequently J„ = I ac —Iw) from the quantum value 
I w = lacSwl '(s n +s w )—I p during a time i_R>o when the su- 
perconducting state is unclosed, i.e. R n > 0. This change 
of the current distribution AI W < J ac /3 + I p and AI W < 
3/ p since I n > and /„, < s w j c in the dynamic resistive 
state. The momentum circulation of superconducting 
pair changes from the quantum value 2^hn to 2e<!> when 
the persistent current changes from the quantum value 
I p to zero [4]. Therefore Ap = § { dlAp/l < 3(2nh/l)(n ~ 
<&/<I>o) since AI W < 3I p and 2nhn - 2e$ = 2n h(n - 
$/$o)- According to this inequality and (3) the switch- 
ing frequency lu — 2eVd c / Apl w > l/3(eirK)(l /l w )V dc / (n— 
$/$o) ~ 1/3(0.4836 GHz/nV)V dc /(n-$/$ ) should ex- 
ceed 90 GHz at Vdc ~ 70 [iV observed on single loop at 
n — $/(f>o| ~ 1/4 (see Fig. 5 for example). 

The change of the current distribution AI W determined 
by the relaxation law L w dl w /dt = —L w dl n /dt = V(t) = 
R n I n (and consequently Ap) is smaller than its maximum 
possible value if the time of the relaxation to the equilib- 
rium superconducting state t^>o during which R n > 
is shorter than the time L w /R n of current relaxation. 
The kinetic inductance L w exceeds the geometric one 
L g , L w /L g w \\/s w » 1, in the case of weak screen- 
ing, s w -C \\. The section of the loop s w « 0.016 jim 2 
is smaller than the square of the London penetration 
depth A 2 (T) of AI at T = 0.95 - 0.98T C , A|(T) = 
A 2 (0)/(l - T/T c ) « (0.05 M m) 2 /(1 - T/T c ) « 0.1 jim 2 
at 1 — T/T c = 0.025. Therefore the inductance of l w , 
L w = Lkin + Lg « Lkin ~ Holw^i\(T)/s w « 4 10 11 G at 
T = 0.975T C and L w /R n > L w /R n . n w 3 10~ 12 s since 
the resistance of in the normal state R n , n ~ 15 fi. 

The observed value of the dc voltage Vdc = V(t) — 
R n I n < R n ,nln is evidence of weak variation of the cur- 
rent distribution since the value the average current /„ > 

Vdc/ Rn,n 

is close to the value I n = I ac s n /(sn + s w ) + I p 
in the closed superconducting state. For example, the 
value Vdc ~ 7.4 fj,V measured at I ac « 0.7 [iA on sin- 
gle loop, see the current-voltage curve on Fig. 4, gives 

In > Vdc/Rn,n ~ 0.49 [iA whereas 
0.23 fiA and I ac s n /(s ) + I p w 0.6 fiA. The 

weak variation of the current distribution means that 
t R>0 < L w /R n > 3 10- 12 s. 
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Thus, the dc voltage oscillations y ($/$□) like the per- 
sistent current oscillations / p ($/$o) are observed since 

both I p ^ and Ri > in the dynamic resis- 
tive state because of switching between superconduct- 
ing states with different connectivity. Only this state 
makes a contribution to V(Q/$q) since Ri = at |J os | < 
jc(s„ + s w ) - I p (s„ + s w )/s n and at |J as | > j c ( 
Ip = and the current-voltage curve does not differ from 
the one in the normal state, see Fig. 4. 

Therefore the V(G>/<f>o) value can be evaluated by the 
relation V w {V dc ,nAQ n - V dc . w AQ w )/Q, where A6„ 
and AQ W are parts of the time period 0=1// during 
which j c (s n + s w ) - I p (s n + s w )/s„ < AI\ sin(27r/t)| < 
jc{s ) and j c (s 

AJ|sin(27r/i)| < j c ( ) (see Fig. 4). Vd c ,n and Vdc,w 

are average voltage during AO„ and AQ W . 
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FIG. 6. The dependence of the amplitude of the dc volt- 
age oscillations V($/$o) on the amplitude AI of the ex- 
ternal ac current with the frequency / = 2.03 kHz mea- 
sured on single loop at T = 1.280 K » 0.97T C and 
$/$ ~ ±0.25. The line is the theoretical dependence 
Vd c (A6 n -Ae u ,)/e = V dc AT(AI) calculated at V dc » 25 fjV, 
I c » 4.5 (iA and I p w 0.5 



well the experimental \V\ ma x(A.I) dependence observed 
at T = 1.280 K « 0.97T C , Fig.6. 

In conclusion, we have shown that the dc voltage os- 
cillations observed in [5] are connected with a rectifi- 
cation of the ac current because of an asymmetry of 
the current-voltage curves of asymmetric superconduct- 
ing loop at non-zero persistent current. Since the critical 
amplitude of the ac current inducing the dc voltage oscil- 
lations decreases down to zero with drawing T near T c , 
like the superconducting critical current, any how weak 
electric noise, right down to intrinsic noise, can induce 
these oscillations when the temperature is enough close 
to T c . Therefore the system of asymmetric superconduct- 
ing loops can be used as noise detector with maximum 
sensitivity. This system can be used also as a source 
of high-frequency radiation if the switching of loops be- 
tween superconducting states with different connectivity 
are synchronous in it. 
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The dependence of (A6„ — A8 w )/8 = At on the am- 
plitude AI of the ac current, r(A7), is not monotonous 
like the observed |V| maa; (AJ) dependence, Fig.6. The 
t(AJ) and |V^ max (AJ) have maximum values at j c — 
Ip/s n < AI/(s n + s w ) < j c - I p /s w when AO,,, = 0, 
see Fig. 4, and the voltage is observed in only direc- 
tion of I ac , see Fig. 5. When AI/(s n + s w ) exceeds 
jc — Ip/s w the t and |y| maa : values decrease sharply 
but remain non-zero since AO„ > AQ W , Fig. 4, because 
of the loop asymmetry. The following diminution of 
max with the AI increase, Fig.6, may be explained 
by the AO n and AO^, diminution, Fig. 4. The approx- 
imation |V| max (AI) = VdcT(AI), where V dc « V dc ,n ~ 
Vdc, w ~ 25 [iV and the t(AI) dependence is calculated 
at I c ~ 4.5 /iA and I p w 0.5 fiA, describes enough 
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